Urinary tract infection with Proteus mirabilis may lead to serious complications, including cystitis, acute pyelonephritis, fever, bacteremia, and death. In addition to the production of hemolysin and the enzyme urease, fimbriae and flagellum-mediated motility have been postulated as virulence factors for this species. We purified mannose-resistant/proteuslike (MR/P) fimbriae and flagella from strains CFT322 and HU2450, respectively. Electron microscopy revealed highly concentrated preparations of fimbriae and flagella. Fimbrial and flagellar structural subunits were estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis to be 18.5 and 41 kDa, respectively. N-terminal sequencing revealed that 10 of the first 20 amino acids of the major MR/P subunit matched the sequence of the P. mirabilis uroepithelial cell adhesin N terminus and 11 of 20 amino acids matched the predicted amino acid sequence of the Escherichia coli P fimbriae structural subunit, PapA. In addition, 90 and 80% homologies were found between the first 20 amino acids of P. mirabilis flagellin and those of Salmonella typhimurium phase-i flagellin and the E. coli hag gene product, respectively. An enzyme-linked immunosorbent assay using purified antigens showed a strong reaction between the MR/P fimbriae or flagella and sera of CBA mice challenged transurethrally with P. mirabilis. A possible role for MR/P fimbriae in the pathogenesis of urinary tract infection is supported by (i) a strong immune response to the antigen in experimentally infected animals, (ii) amino acid sequence similarity to other enteric surface structure, and (iii) our previously reported observation that MR/P fimbriae are expressed preferentially as the sole fimbrial type in human pyelonephritis isolates.
Proteus mirabilis, one of the most common uropathogens, is frequently isolated from the urine of elderly long-term catheterized patients (26, 46) . Infection with this organism can result in serious complications, such as stone formation in the kidneys and bladder (26) , encrustation and obstruction of the catheter (27) , acute pyelonephritis (6, 7, 36) , fever, and bacteremia (40) .
Several virulence factors have been proposed to play a role in the pathogenesis of P. mirabilis infection, including hydrolysis of urea by urease (5, 9, 15, 22) , cytotoxicity by hemolysin (25, 33, 39) , avoidance of host defense by immunoglobulin A protease (38) , destruction of kidney epithelial cells by invasion (34) , swarming motility by flagella (4, 32) , and adherence to uroepithelial cells and kidney epithelium by fimbriae (21, 37, 42) and other adhesins (49) .
The role of swarming motility in the pathogenesis of P. mirabilis has not been well studied. However, Pazin and Braude (32) demonstrated that immobilizing antibodies, raised in response to immunization with purified flagella, prevented the spread of P. mirabilis from one rat kidney into which organisms had been inoculated to the other kidney via the ureters. Motility also appears to be critical for the successful infection of burn wounds by P. mirabilis (10) and Pseudomonas aeruginosa (28) .
A few reports suggest that the adherence of P. mirabilis to uroepithelial cells contributes importantly to pathogenesis. In an animal model of unobstructed ascending infection, P. mirabilis appeared to adhere to renal epithelial cells by fimbriae (41, 42) , as well as in vitro to human uroepithelial * Corresponding author. cells (8, 21, 42, 49) . Heavily fimbriated organisms were shown to initiate infection better than lightly fimbriated organisms. Principally, two fimbrial types, mannose-resistant/proteuslike (MR/P) and mannose-resistant/klebsiellalike (MR/K), have been associated with the ability to hemagglutinate untreated or tannic acid-treated erythrocytes from several animal species (1, 30, 31) . Silverblatt and Ofek (42) found that when rats were inoculated transurethrally with P. mirabilis expressing either MR/P or MR/K fimbriae, inocula expressing MR/P fimbriae caused a higher frequency of cortical abscesses at 1 week than inocula expressing predominantly MR/K fimbriae. This observation suggested that MR/P fimbriae may play an important role in the development of pyelonephritis.
Our objectives were to isolate cell surface organelles of P. mirabilis and to obtain amino acid sequence data that will be useful for the isolation of MR/P and flagellin gene sequences. In addition, we wished to determine whether these antigens were recognized by the immune system during experimental infection. In this study, flagella and MR/P fimbriae were purified from two uropathogenic strains of P. mirabilis and the N-terminal amino acid sequences of the structural subunits of both organelles were determined. CBA mice infected transurethrally with P. mirabilis HI4320 (MR/P' flagella') showed a serum immune response to both antigens pyelonephritis who was admitted to the University of Maryland Medical Systems Hospital in Baltimore (24) . P. mirabilis HU2450 and HI4320 were isolated from the urine of two elderly (.65 years old) long-term catheterized patients with significant bacteriuria (2105 CFU/ml) (27, 46) . At the time of isolation, these two patients were asymptomatic.
Hemagglutination. Bacteria were passaged statically three times for 48 h in nutrient broth at 37°C (30) For further purification, flagellum-containing pellets were suspended in the phosphate buffer, to which was added CsCl (1.3 g/ml) and 1.5% sodium N-lauryl sarcosine, and centrifuged (117,000 x g, 44 h, 20°C) in an SW41 Ti rotor. Visible protein bands were collected by needle aspiration and dialyzed overnight against distilled water at room temperature.
Isolation and purification of MR/P fimbriae. Luria broth (6 liters) was inoculated with a 50-ml stationary culture of P. mirabilis CFT322 which had been passaged statically three times for 48 h at 37°C (30) , conditions which favor the expression of MR/P fimbriae. After 44 h, 20°C) on a CsCl (1.3 g/ml) gradient containing 1.5% sodium N-lauryl sarcosine. Bands were extracted by needle aspiration and dialyzed against distilled water at room temperature (43) .
LPS purification. Lipopolysaccharide (LPS) was prepared frotn P. mirabilis H14320 by hot phenol-water extraction as described by Westphal and Jann (48), using acetone-dried cells. RNA, DNA, and protein contamination was removed from crude extracts by treating them with bovine pancreatic RNase (40 ,ug/ml), DNase I (100 jig/ml), and proteinase K (10 j,g/ml) (all obtained from Sigma) at 60°C for 1 h. Further purification was performed by repeated ultracentrifugation at 105,000 x g for 2 h, until the optical density of the supernatant was less than 0.01 at 260 and 280 nm (12) . The purified LPS was dissolved in water and lyophilized.
Electron microscopy. One drop of the specimen was placed on a Formvar-coated grid and negatively stained with 1% sodium phosphotungstic acid (pH 6.8). The specimens were then examined in a JEOL 100B transmission electron microscope at an accelerating voltage of 80 kV.
SDS-PAGE. Flagellum preparations (10 ;ig) were suspended in the sodium dodecyl sulfate (SDS) gel sample buffer and treated at 100°C for 10 min. Preparations of MR/P fimbriae were not denatured under these conditions and therefore did not run into the gel. Treatment with 10% trichloroacetic acid was necessary for the denaturation of MR/P fimbriae into fimbrial subunits. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with a 1.5-mm 3.75% stacking gel and a 15 or 12.5% polyacrylamide resolving gel and with the buffer system described by Laemmli (20) . Protein bands were stained with Coomassie brilliant blue (Bio-Rad).
N-terminal analysis. Solubilized flagella (10 ,ug) 
RESULTS
Strains used for purification of flagella and fimbriae. On the basis of electron microscopic observations and hemagglutination pattern, strain CFT322 was found to be heavily fimbriated (MR/P+ MR/K-) and lightly flagellated and was used for the preparation of fimbriae. Strain HU2450 was flagellated but not fimbriated and was used for the preparation of flagella. This selection prevented cross-contamination of flagellar and fimbrial preparations. Strain HI4320 was heavily flagellated and fimbriated (MR/P+ MR/K+) and was used for transurethral challenge in mice.
Characterization of flagella and MR/P fimbriae. Electron microscopy revealed highly concentrated flagellar (Fig. 1B) and fimbrial (Fig. 2B ) preparations, usually with no particulate contamination. Sarcosine was found to be helpful in the removal of membrane vesicles. Flagella disaggregated readily in SDS and ,B-mercaptoethanol upon boiling, but MR/P fimbriae were not solubilized under these conditions and therefore did not enter the stacking gel. However, precipitation in 10% trichloroacetic acid followed by boiling in SDS gel sample buffer disaggregated the MR/P fimbriae. Electrophoretic analyses showed apparent molecular masses of 41 kDa for flagellin and 18.5 kDa for the MR/P fimbrial structural subunit (Fig. 1A and 2A) Fig. 1. (B) Purified fimbriae were negatively stained with sodium phosphotungstic acid and observed by electron microscopy at a magnification of x60,000. the main 18.5-kDa fimbrial subunit. These bands could be attributed to outer membrane proteins, or, perhaps more likely, they represent accessory polypeptides and minor pilins associated with enteric fimbriae such as those observed following the purification of the P fimbriae of uropathogenic Escherichia coli (35) .
N-terminal analysis of P. mirabilis flagellar and MR/P fimbrial subunits. Of the first 20 amino acids of the flagellin subunit determined (Fig. 3) 4 . Comparison of N-terminal amino acid sequence of P. mirabilis MR/P fimbrial subunit with other fimbrial subunits and adhesins. Solubilized proteins were denatured, analyzed by SDS-PAGE, transferred to Immobilon-P, and subjected to N-terminal analysis. The P. mirabilis MrpA sequence is compared with the predicted amino acid sequence of the E. coli P fimbria major pilin, PapA (2), the N-terminal sequence of the P. mirabilis uroepithelial cell adhesin (UCA; 49), and the sequence of the E. coli K99 fimbrial subunit (49) .
with those of Salmonella typhimurium phase-1 i flagellin (17, 47) and 2 residues represented conservative replacements. Also, 16 of 20 residues were exact matches with those of the E. coli K-12 hag gene product; 4 residues were conservatively replaced (18) (Fig. 3) . Moreover, the first amino acid of the P. mirabilis flagellar subunit aligned with the first amino acid of E. coli flagellin and of S. typhimurium phase-1 i flagellin. This suggests that the encoded amino terminal sequences of these flagellins are the same as those of the mature proteins and, therefore, that no signal peptide, typical of other exported proteins, is present.
The N-terminal analysis of the first 20 amino acids of the MR/P fimbrial subunit revealed a stretch of 10 amino acids (residues 4 to 13) that matched exactly with 10 amino acids (residues 2 to 11) of the P. mirabilis uroepithelial cell adhesin isolated by Wray et al. (49) (Fig. 4) . In addition, the MR/P fimbrial subunit showed 11 exact matches with the amino acid sequence predicted from papA, the gene encoding the structural subunit of P fimbriae of pyelonephritogenic E. coli. The first amino acid of the MR/P subunit corresponded to the 27th amino acid of the predicted sequence of PapA (2) . These data suggest that the native MR/P fimbrial subunit may also possess a signal sequence which is cleaved prior to secretion and assembly. Also, the MR/P fimbrial subunit shared nine exact amino acid matches with the K99 fimbrial subunit isolated from the diarrheagenic E. coli that afflicts calves.
Immune response to flagella and MR/P fimbriae following experimental infection. Eleven CBA mice inoculated with 108 CFU of P. mirabilis H14320 developed significant bacteriuria (.106 CFU/ml of urine) which was maintained in all mice for 6 days. Three mice died by day 7, and a fourth died by day 9. There was no additional mortality throughout the 6-week course. Colony counts, shown in Fig. 5A for the surviving seven mice, dropped below 104 CFU/ml of urine between days 10 and 14. Two mice remained heavily colonized for most of the 6-week course, whereas the five remaining mice appeared to clear the infection.
Serum collected from mice at intervals after experimental urinary tract infection showed elevated serum immunoglobulin to both antigens when compared with prechallenge serum. ELISAs using purified MR/P fimbriae (Fig. 5B) and flagella ( Fig. 5C ) as antigens were used to measure the mouse serum immunoglobulin levels of the seven mice that survived the 6-week period. The antibody response (mean ELISA values) to MR/P fimbriae steadily rose throughout the 6 weeks. The flagellar response peaked at 1 week but maintained significant levels throughout the course of the infection. The two mice that developed chronic infections Days after Challenge Serum (6-week postchallenge) from one experimentally infected mouse was tested by Western blot and found to react with denatured flagellar preparations (Fig. 6) . A lowermolecular-weight band not visible on Coomassie bluestained gels was also recognized. In addition, purified LPS from P. mirabilis H14320 was recognized by the serum. FIG. 6. Western blot of purified MR/P fimbriae and flagella, using serum from a mouse transurethrally infected with P. mirabilis H14320. Purified LPS (20 ,ug) (A), purified flagella (20 ,ug) (B) , and purified MR/P fimbriae (20 ,ug) (C) were electrophoresed on an SDS-polyacrylamide gel, electroblotted to nitrocellulose, and reacted with a 1/200 dilution of 6-week postchallenge mouse serum. Western blots were developed as described in Materials and Methods. Standard proteins (Amersham) are ovalbumin (46 kDa) , carbonic anhydrase (30 kDa), trypsin inhibitor (21.5 kDa), lysozyme (14.3 kDa), aprotinin (6.5 kDa), and insulin B chain (3.4 kDa).
However, purified flagellar and fimbrial preparations did not appear to contain contaminating LPS. The serum recognized native, nondenatured fimbriae, but it did not react with TCA-denatured fimbrial subunits. No contaminating polypeptides in the denatured fimbrial preparations were recognized by the serum.
To determine whether mice challenged with P. mirabilis H14320 developed immobilizing antibodies, motility agar containing mouse sera (1/50 final dilution) from prechallenged and 6-week postchallenged mice was prepared. Tubes were stabbed with P. mirabilis HI4320. In tubes prepared with no antiserum or prechallenge (optical density at 405 nm of 1/50-dilution ELISA, 0.072) antiserum, spreading of bacteria from the stab was observed beginning at 4 h and resulted in high turbidity throughout the tube at 24 h. In tubes containing 6-week postchallenge serum (optical density at 405 nm of 1/50-dilution ELISA, 0.708), bacteria were retained within the stab at 4 and 8 h, and minimal spreading was observed at 24 h. DISCUSSION P. mirabilis, a very common uropathogen in catheterized elderly patients, can cause acute pyelonephritis and renal stone formation (26, 36) . Also, this species is a prevalent cause of urinary tract infection in acute care hospitals, with the assumed risk of gram-negative bacteremia and death. Unlike the well-studied uropathogenic E. coli, not all virulence factors of P. mirabilis have necessarily been identified. However, using isogenic strains, we have previously demonstrated that the urease of this species appears absolutely essential for the establishment of acute pyelonephritis in the kidneys of CBA mice after transurethral challenge (15) . Although urease is necessary for pathogenesis, it may indeed not be sufficient. That is, other proposed virulence determinants may be required in the process. Therefore, we have begun to examine two additional putative virulence factors, MR/P fimbriae, which may aid in colonization, and flagella, which may allow the bacteria to ascend via the ureters to the kidneys.
We report here that both the MR/P fimbriae and flagella of P. mirabilis are well-recognized antigens in experimental urinary tract infections. CBA mice infected transurethrally with P. mirabilis developed significant immunoglobulin titers to these antigens after infection. Levels of serum antibody to MR/P fimbriae and flagella rose most dramatically in the chronically infected mice, that is, in those mice that were unable to clear the infection during the 6-week period that was monitored with quantitative urine cultures.
Previous studies by our group indicate that the expression of MR/P fimbriae as a single fimbrial type is epidemiologically correlated with strains isolated from patients with acute pyelonephritis (24) . That is, pyelonephritogenic strains were much more likely to express MR/P alone than were fecal strains or those strains isolated from patients with catheterassociated bacteriuria, which more often expressed both MR/P and MR/K fimbriae. These studies implied that MR/K fimbriated organisms may be cleared more rapidly from the urinary tract.
Morphologically, these fimbriae resemble typical fimbriae isolated from other representatives of the family Enterobacteriaceae (23) . The major subunit of the structure, likely to be designated MrpA, has an apparent molecular mass of 18.5 kDa. This value is typical of enteric fimbriae and falls well within the range of other major fimbrial subunits thus far described. This subunit size is similar to that of the uroepithelial cell adhesin (17.5 kDa) described by Wray et al. (49) , and the fimbrial subunit shares with this adhesin a homologous 10-amino-acid sequence at the N termini. The resistance of MR/P fimbriae to dissociation into subunits by SDS is reminiscent of type I pili of E. coli, which resist various chaotropic agents such as urea and SDS (21) .
Recently Sareneva et al. (37) isolated MR/P fimbriae from a clinical strain of P. mirabilis and reported a single peptide with an apparent molecular mass of 21 kDa. This discrepancy with our result (18.5 kDa) indicates that although fimbriae have functional and morphological similarity, structurally they may be heterogeneous. Because the receptor for MR/P fimbriae has not been identified, the possibility exists that the mannose-resistant hemagglutination observed may actually include several distinct fimbrial types. This situation may be similar to that of the fimbriae of E. coli associated with mannose-resistant hemagglutination, which have now been subclassified as P, F, S, Dr, M, and G (14) . Alternatively, MR/P may represent fimbriae with identical receptor specificity, but they may display antigenic diversity with We observed that the homology of the amino acid sequence native MrpA and the predicted amino acid sequence of PapA begins at the 27th amino acid of the Proteus fimbrial subunit. This is consistent with the fact that the first 26 amino acids of PapA represent the signal sequence which is cleaved during the secretion and assembly of P fimbriae. It is likely that MrpA also has a signal sequence which is processed during secretion and assembly. Confirmation of this supposition awaits nucleotide sequence data.
Swarming motility has been shown to be a means of dissemination for P. mirabilis, a process required for successful infection. Pazin and Braude (32) demonstrated that when rats were immunized with flagellar preparations, the spread of P. mirabilis from one kidney directly inoculated with bacteria to the other kidney via the ureter was prevented. This observation suggested a role for immobilizing antibodies in protecting against Proteus pyelonephritis. Also, monoclonal antibodies specific for flagella have been shown to be highly protective in experimental burn wound infections caused by P. mirabilis (10) . Our results indicate the recognition of flagellar antigens expressed on the surface of P. mirabilis in experimental urinary tract infections, which suggests that immobilizing antibodies may be elicited during natural infection with this species.
Observation of over 80% homology between the N termini of the flagellin subunits of P. mirabilis and those of two other members of the family Enterobacteriaceae suggests evolutionary conservation at the N terminus. This region is known to be essential for transport (19) and filament construction in S. typhimurium (11) and E. coli (18) ; therefore, this conservation is not surprising. Further characterization of P.
mirabilis flagellin subunits will require complete amino acid or nucleotide sequencing.
These studies provide a characterization of two putative virulence factors of uropathogenic P. mirabilis and demonstrate that these proteins elicit immune response during experimental infection. Also, the N termini of the polypeptides (MR/P and flagellin) share homologous sequences with the N termini of (i) the uroepithelial cell adhesin of P. mirabilis; (ii) P fimbriae, a critical virulence determinant of uropathogenic E. coli; and (iii) the flagella of both E. coli and S. typhimurium. These data provide necessary information for the isolation of genes encoding these putative virulence determinants.
